The identification of oncogenic signaling pathways that allow cell transformation, tumor growth and chemotherapy failure has greatly increased the knowledge of tumor cell biology, leading to a paradigm shift in cancer treatment. Initially performed with large populations and uncharacterized diseases, clinical trials have essentially defined chemotherapy treatments for the average patient. These trials are now moving to the field of personalized medicine and to the design of targeted therapies that should be applied to a molecularly defined tumor type and followed by predictive biomarkers. [1] [2] [3] [4] [5] Clinical successes of these new approaches are illustrated by the targeting of the BCR-ABL fusion protein with Gleevec, of the HER2 receptor with herceptin or of the Aberrant activation of the STAT3 transcription factor has been reported in a large group of tumors and a strong biological basis now defines this protein as an oncogenic driver. Consequently, STAT3 is considered to be a promising target in the field of cancer therapy. For its inhibition to result in a successful therapeutic approach, the definition of a target tumor population identified by specific and detectable alterations is critical. The canonical activation model of STAT3 relies on a constitutive phosphorylation on its 705 tyrosine site, resulting in its dimerization, nuclear translocation, and the consequent activation of cancer genes. Therefore, it is expected that tumors expressing this phosphorylated form are addicted to STAT3 and will be sensitive to existing drugs which are targeting this dimeric form. However, recent results have shown that STAT3 can function as an oncogene in the absence of this tyrosine phosphorylation. This indicates that different forms of the transcription factor also play an important role in tumor growth and chemotherapy resistance. This complicates the definition of STAT3 as an oncogene and as a potential prognosis and predictive biomarker. The obligation to target a defined tumor type implies that future clinical trials should use a precise definition of STAT3 activation. This will allow tumors addicted to this oncogene to be identified correctly, leading to a strong rationale for patient stratification.
How should we define STAT3 as an oncogene and as a potential target for therapy? Among these potential targets, STAT3 proteins are cytoplasmic transcription factors that get phosphorylated upon activation, translocate into the nucleus and activate target genes. Besides its normal functions, this protein plays an important role in cellular transformation and tumorigenesis. 7 In contrast to normal cells where its phosphorylation is transient, constitutive activation of STAT3 has been reported in several primary cancers and in many oncogene-transformed cells. Following the description of its importance in v-src signaling, 8, 9 one of the first pieces of evidence that STAT3 is directly oncogenic comes from reports that a constitutively-activated form induces cell transformation and tumors in mice. 10 Cysteine substitutions at the 661 and 663 residues allow the formation of disulfite bridges and induce the constitutive activation of a STAT3 dimer. This protein transforms rodent fibroblasts and induces tumor growth in vivo. Equivalent modifications located within the SH2 domain (positions 657 and 658) have been recently detected in inflammatory hepatocellular adenomas. These mutants showed constitutive activity and Y705 phosphorylation in the absence of cytokine signaling. 11 Similar results have been obtained in large granular lymphocytic leukemia using whole genome sequencing. In this disease, 40% of patients express a mutated form of STAT3 on its SH2 domain, and this mutation induces a constitutive phosphorylation of the transcription factor. 12 Although it was initially believed that STAT3 activation only results from a constitutive phosphorylation, we might expect mutations to be discovered in other tumors.
Since most tumors express active forms of the transcription factor, STAT3 proteins are now considered to be some of the leading targets for cancer therapy. 13 It is anticipated that the inhibition of this signaling pathway will be useful against a wide range of cancers. Accordingly, several inhibitors already used in clinic (such as drugs targeting the EGFR receptors, the Bcr-Abl not express this tyrosine phosphorylated form of the oncogene. In addition, since STAT3 is known to play an important role in drug resistance, 24 one can speculate that tumors expressing high levels of its Y705-phosphorylated form would be more resistant to genotoxic treatments. Therefore, the prior detection of this modification by immunochemistry on biopsies could also be useful in identifying tumors that are resistant to conventional chemotherapy. These first studies have described what could be called now a canonical function of STAT3. Recent results have shown that its activity, either normal or oncogenic, does not rely solely on this Y705 phosphorylation. A second phosphorylation site located in the C-terminal domain (S727) is well known to play an important role in gene activation, 25 probably through the interaction with transcriptional coactivators such as SRC, cdk9, or CBP. 26, 27 However, its functions are probably more complex since the S727 site is, for instance, phosphorylated in response to various cellular stresses in the absence of Y705 phosphorylation. These observations suggest that STAT3 might have different functions that do not rely on its canonical activation and that different forms of the protein might exist within the cell. Important results have recently shown that STAT3 can activate transcription in the absence of Y705 phosphorylation 28 which illustrates this hypothesis. In this condition, STAT3 interacts with the NFκB subunits to induce specific cancer genes that the homodimer does not regulate by itself. 29 The driving function and cooperations of the STAT3 and NFκB oncogenes have been clearly described in colorectal and breast cancers, showing in particular that these transcription factors activate a secretory phenotype that is necessary for tumor growth. 14, 19, 30, 31 Although it appears that the STAT3-NFκB interaction does not require the Y705 phosphorylation, it remains to be determined whether this association relies on the regulation of the S727 site. From a clinical point of view, this raises the question of the detection of the STAT3-NFκB complex on tumor samples if this enhances or defines aggressive tumors in the absence of Y705 phosphorylation. Proximity ligation assay can theoretically be used to detect interactions on frozen and FFPE tissues but this approach needs to be implemented by pathologists in clinical practice.
Recent results have extended these observations, showing that different oncogenic forms of STAT3 are present within cancer cells and that they might be specific to different oncogenic pathways. STAT3 phosphorylation on S727 has been described in chronic lymphocytic leukemia and is necessary for cell survival in the absence of Y705 phosphorylation. 32 It has also been reported that Ras-mediated transformation is significantly reduced when STAT3 is mutated on its S727 residue. 33 This was explained by a defect in the regulation of the electron transport chain and respiration. 34 It is important to note that this new cytoplasmic function is observed in Ras-expressing cells but that v-src classically relies on the canonical Y705-phosphorylated form of the oncogene. Interestingly, the same differences have been reported in breast cancer. Using the MCF7 cell line, it has been shown that the survival of cancer initiating cells (using the side population as a criteria) relies on STAT3 S727 phosphorylation and on the mTOR kinase. 35 This is not the case in basal-like cancer fusion protein, or mTOR signaling for instance) are supposed to act at least in part through an indirect inactivation of the STAT3 pathway. STAT3 addiction of tumor cells has been largely demonstrated in cell lines or xenografts models, using direct or indirect inhibitors that target the oncogene or its upstream activating pathways. Several murine knockout models have confirmed that its inhibition prevents tumor growth when deleted in specific cells. For instance, the inactivation of the transcription factor in intestinal epithelial cells significantly prevents cancer progression in colitis-associated cancer. 14 The specific knockdown of STAT3 in keratinocytes prevents skin tumor initiation in response to DMBA. 15 Similarly, its downregulation inhibits anaplastic large cell lymphomas following inactivation by gene targeting or by antisense nucleotides. 16 At the molecular level and depending on the cell type, this effect is generally explained by the inhibition of cancer cell growth, cell survival, invasion, and angiogenic signaling. Interestingly, STAT3 regulates growth in three dimensions, suggesting that its inhibition might also target the interaction between cancers cells and the microenvironment, probably through the downregulation of cytokine production and adhesion molecules. [17] [18] [19] Altogether, it is now clear from these in vitro and in vivo models that most tumor cells are addicted to the STAT3 pathway and that a strong biological basis defines the oncogene as a driver candidate for the design of new targeted therapies. 7 With this objective in mind, one should recall that unselected clinical trials that define treatments for the average patient have serious limitations. As a result, all clinical trial designs or analyses of cancer samples should use a precise definition of the STAT3 oncogene. This will allow a correct identification of tumors that are addicted to the transcription factor, leading to a strong rationale for patient stratification.
STAT3 activation is known to rely on the phosphorylation of a tyrosine residue (Y705) that induces its dimerization, nuclear translocation, and DNA binding. Hence, for many years, STAT3 activation has been described essentially through the analysis of this phosphorylation which has been shown to be necessary for the activation of cell cycle and survival genes such as Myc, cdc25A, survivin, or Bcl-xL. [20] [21] [22] [23] Consequently, the ability of STAT3 inhibitors to prevent cell cycle progression and to induce cell death has generally been correlated with the downregulation of the Y705 phosphorylation. Many convincing studies have described an important role of the STAT3 dimer in carcinogenesis, using either in vitro approaches or animal models. It has generally been concluded that tumors that do not express this Y705-phosphorylated form are not addicted to the STAT3 oncogene. Therefore, its activation on tumor samples has been mainly investigated through the detection of Y705 detection by immunochemistry, leading to the widespread conclusion that STAT3 is often activated in tumor samples and that this upregulation is correlated with poor prognosis and tumor failure. In the context of targeted therapies and the imperative patient stratification, this implies that future phase II clinical trials should be performed according to the prior detection of STAT3 Y705 phosphorylation on biopsies. STAT3 inhibitors, or drugs that are targeting this pathway, should not be used if the corresponding tumor does and the consequent promoter methylations and gene silencing. From these results, it appears that the K685 site also plays an important role in cancer growth besides Y705 and S727, thus questioning whether this methylation defines the same oncogenic activities and target genes and whether it is correlated with the same prognosis as the Y705 phosphorylation.
Other results have shown that STAT3 is also dimethylated by Set9 on K140 and inactivated by the LSD1 demethylase. 48 This modification reduces the phosphorylation of the transcription factor on Y705 and its DNA binding and transcriptional activities. Interestingly, the K140 dimethylation is a nuclear event that can be detected on promoters and that requires prior DNA binding and S727 phosphorylation. Importantly, the Set9-mediated regulation of the transcription factor only occurs on a subset of genes, suggesting that Set9 could regulate the specificity of STAT3 transcription activity. It will be interesting to determine whether this pathway is involved in the function of the oncogene, and whether it affects its regulation of cancer genes or the response to chemotherapy. As stated above, if the K140 dimethylation is detectable on tumor samples, it could be used to stratify the disease and it will be interesting to determine whether it overlaps with the information provided by the S727, Y705 and K685 staining.
Another important result of this study was that this modification was detected not only by western blot but also by chromatin immunoprecipitation (ChIP) experiments. Different phosphorylated forms of STAT3 can be detected by ChIP on specific promoters in response to DNA damage. 37, 38 It is important to point out that western blot results used to describe phosphorylation pathways might essentially characterize soluble proteins. Depending on the method, transcription factors which are bound to their DNA sequences are not always released by common extraction procedures. If one (wrongly, see above) assumes that the oncogenic functions of STAT3 are only related to its transcriptional activation of cancer genes, then chromatin immunoprecipitation experiments should be used to define its active oncogenic modifications. DNA-bound forms of the transcription factors might have different modifications patterns as compared with the soluble forms isolated from classical extracts. If this hypothesis is correct, the conventional lysis used for western blot might miss which active forms of the transcription factor are truly involved in the activation of cancer genes.
In light of this important information, the STAT3 paradigm has been modified and the Y705 phosphorylation should no longer be considered a unique marker of activation. The S727, K170, and K685 sites and other modifications yet to be discovered play an important role in STAT3 functions and, as such, are expected to affect its oncogenic functions. Although this remains to be fully demonstrated, one can speculate that STAT3 activates different transcriptional programs depending on its posttranslational modifications and specific partners. If this holds true, it is not obvious that all forms of STAT3 will have equivalent oncogenic activity, nor that all target genes will have the same impact on tumor progression. As a consequence, STAT3 activation on tumor samples should not only be investigated through Y705 cells where the survival of CD44 + CD24 − breast cells depends on the opposite on the activation of STAT3 on Y705 by the JAK2 kinase. 36 Consequently, a JAK2 inhibitor targets this CD44 + CD24 − cell population by reducing STAT3 Y705 phosphorylation. In light of these results, it is expected that drugs targeting the STAT3 pathway will be useful in inducing the death of resistant cancer stem cells. However, it seems important to use these compounds according to the activation of the mTOR-STAT3S727 or JAK2-STAT3Y705 pathways. Therefore, if phase II clinical trials are conducted to inactivate the STAT3 oncogene in breast cancer, different subtypes of this disease should not be treated with the same drugs. Different STAT3-targeting drugs may also be used to treat tumors expressing the Ras or v-src oncogenes. In addition, it will also interesting to determine if drugs targeting indirectly the STAT3 pathway, for instance through EGFR, Bcr-Abl, or mTOR inactivation, act by the downregulation of STAT3-Y705 pathway, of STAT3S727 signaling, or both. STAT3 knock-in cells reconstituted with the different mutants should be useful to investigate these questions.
Besides its importance as a new cancer target, STAT3 characterization might also be useful to identify tumors that are resistant to conventional genotoxic treatments. 24 In response to irinotecan and oxaliplatin, the main treatments of colorectal cancer, STAT3 is phosphorylated on its S727 site, not on Y705, to induce the expression of DNA repair genes. 37, 38 Interestingly, STAT3 phosphorylation-on S694-has also been detected on a phospho-proteomic screen of ATM/ATR targets following DNA damage. 39 In addition, genetic knockdown experiments performed in Drosophila have reported that STAT92E, when non phosphorylated, plays an important role in the protection against DNA damage through its interaction with HP1 and the regulation of heterochromatin formation. 40, 41 Thus, like STAT1 42,43 and STAT5, 44, 45 STAT3 is connected to DNA damage and repairs signaling pathways. Immunochemistry experiments performed in our laboratory have shown that a significant proportion of tumor cells are phosphorylated on this S727 site in colorectal tumors, before any chemotherapy treatment. We speculate that this is related to the genetic instability and DNA damage that occur early in this disease. Therefore, it will be interesting to determine if this S727 phosphorylation is useful to define tumors that have enhanced DNA repair capacities and are resistant to conventional genotoxic treatments.
Besides the STAT3 Y705 and S727 sites, several other posttranslational modifications have been described and the transcription factor can be acetylated or methylated. Following cytokine treatment, STAT3 is acetylated by CBP on its K685 residue and inhibited by the HDAC1 and HDAC2 histone deacetylases. 46 This acetylation does not affect the phosphorylation of STAT3 but is necessary for a stable dimer formation, for DNA binding and for the induction of genes such as cyclin D1, Myc, or Bcl-xL. This K685 acetylation has been detected in melanoma and colorectal cancer tissue using immunochemistry. 47 Interestingly, its mutation decreased tumor growth in vivo and this effect was associated with promoter demethylation and with an enhanced expression of several tumor suppressor genes, including p53. This was explained by the interaction between STAT3 and DNMT1 tumor but not necessarily at its core. However, we believe that this does not mean that the other regions of the tumor do not rely on STAT3. As stated above, the oncogene can interact with NFκB in the absence of Y705 phosphorylation or can eventually be modified on the S727, K170, or K685 sites. It is obvious that a drug targeting the dimer and its Y705 phosphorylation will probably be useless if a tumor depends on a STAT3 modification that does not imply its dimeric form.
We believe that it is important that we now characterize the different forms of the transcription factor and to determine if they have the same partners, the same target genes and identical functions. If STAT3 inhibition is to result in a useful therapeutic approach, one of the critical steps will be the definition of a target population identified by its specific alterations. We might discover that some modifications have a different impact on its oncogenic functions and that different targeted therapies should be used, according to the prior detection of a specific form (see Fig. 1 for a proposed hypothesis). It will be also important to show whether these different activations are correlated with tumor stages and with the resistance to a particular chemotherapy. STAT3 inhibitors could be used both as targeted therapies and powerful agents used in combination with genotoxic treatments, provided that STAT3 detection can be standardized in a clinical context to define a resistant population.
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Surprisingly, recent publications have reported tumor suppressive functions for STAT3. As stated above, this oncogene is known to be constitutively activated and to play an important role in colorectal cancer, both using in vitro and in vivo models. 14 Although STAT3 is necessary for early adenoma formation, its inactivation promotes late tumor progression in an APC +/− mouse model of colorectal cancer, 49 which is surprising. In thyroid cancer, its activation is correlated with reduced metastasis, and its inactivation with enhanced tumor growth. 50 This putative tumor suppressive function of STAT3 has previously been suggested on a molecular level. Although STAT3 is well known to induce cell cycle and survival genes, it also activates cell cycle inhibitors such as p21waf1, which is rather counterintuitive for an oncogene involved in the abnormal activation of cell cycle. This is generally explained by stating that results are cell type-specific, but these potential opposite functions could also be explained by different post-translational modifications. This would allow the formation of suppressive or oncogenic enhanceosomes, leading to the expression of specific genes involved in cell cycle arrest or on the opposite in abnormal proliferation.
This certainly complicates the STAT3 oncogenic field because one can speculate that different forms of the oncogene are present within cancer cells, that this might vary during the different stages of the disease or in response to treatment or as a consequence of tumor adaptation. In addition, it is also known that STAT3 phosphorylation is heterogeneous in tumor samples. The Y705-phosphorylated form of STAT3 is known to be highly expressed at the leading edge of the tumor, 7 probably as a result of increased cytokine production and inflammation. In this case, drugs targeting the dimeric form of STAT3 are expected to be useful on the specific subpopulation located at the edge of the 
